Deriving k·p parameters from full-Brillouin-zone descriptions: A finite-element envelope function model for quantum-confined wurtzite nanostructures J. Appl. Phys. 116, 033709 (2014) The spin-splitting energies in biaxially strained bulk wurtzite material AlN are calculated using the linear combination of atomic orbital (LCAO) method, and the equi-spin-splitting distributions in k-space near the minimum-spin-splitting (MSS) surfaces are illustrated. These data are compared with those derived analytically by two-band k Á p (2KP) model. It is found that the results from these two methods are in good agreement for small k. However, the ellipsoidal MSS surface under biaxial compressive strain does not exist in the 2KP model, because the data points are far from the C point. Instead, three basic shapes of the MSS surface occur in the wurtzite Brillouin zone: a hyperboloid of two sheets, a hexagonal cone, and a hyperboloid of one sheet, evaluated from the LCAO method across the range of biaxial strains from compressive to tensile. V C 2012 American Institute of Physics.
I. INTRODUCTION
Spintronics has received considerable attention in the field of semiconductor research in recent years. Several types of transistors utilizing spin properties of semiconductors have been proposed. [1] [2] [3] One of these proposed spin devices, the resonant spin lifetime (RSL) transistor, is based on the special properties of the spin lifetime tensor arising from the interplay between bulk inversion asymmetry (BIA) and structure inversion asymmetry (SIA) in zinc-blende 4 or wurtzite 5 quantum wells (QWs). In zinc-blende semiconductors, unstrained BIA yields a cubic-k term (called the Dresselhaus effect), 6 while strain 7, 8 and SIA lead to a linear-k term (named the Rashba effect) 9 in the two-band k Á p (2KP) Hamiltonian. In bulk wurtzite semiconductors, there are also two types of wurtzite bulk inversion asymmetry (WBIA) effects. 5, [10] [11] [12] [13] In the nearest-neighbor linear combination of atomic orbitals (LCAO) model, the ideal wurtzite structure yields only the type-II WBIA effect (called the Dresselhaus effect in Ref. 10) , while deviations from the ideal structure caused by the crystal field or strain yield the type-I WBIA effect (called the Rashba effect in Ref. 11) . The type-II WBIA effect induces a cone-shaped minimum-spin-splitting (MSS) surface in the ideal wurtzite Brillouin zone. Since the spin splitting on the MSS surface is generally very weak, it can be regarded as a spin-degenerate surface. 10 When the crystal field and strain are taken into account, the type-I WBIA effect induces a shape-controllable MSS surface (i.e., a MSS surface that can become a hyperboloid of two sheets, a hexagonal cone, or a hyperboloid of one sheet) in the real wurtzite Brillouin zone. Such a shape-controllable MSS surface also makes the wurtzite material a potential candidate for spintronic devices. 5, 10, 11 Based on the mechanics of spinorbit interaction, the interplay between Rashba and Dresselhaus effects will determine the shape of MSS surface of wurtzite aluminum nitride (AlN), which is crucial information in the band-engineering of AlN-based materials for spintronic application. Consequently, the role of biaxial strain and its influence on the MSS surface have to be solved when one wants to engineer the AlN-based materials for spintronic devices.
However, the shape of the MSS surface still has not been studied under biaxial compressive strain. It requires a better understanding of the change of spin-splitting energies near the MSS surface in order to design spintronic devices, such as the RSL transistor. Therefore, it is important to study the equispin-splitting (ESS) distribution near the MSS surface, as well. However, the ESS distribution near the MSS surface under different strains is still unknown. In this paper, we shall investigate from biaxial compressive to biaxial tensile strains on the shapes of the MSS surfaces and the ESS distribution near these MSS surfaces by using the LCAO method, and compare these results to those obtained with the 2KP model. We show that the MSS and ESS surfaces calculated by the 2KP model are in good agreement with LCAO calculations for small k, but inconsistent for large k. It is also shown that the ellipsoidal MSS surface predicted by the 2KP model under biaxial compressive strain does not exist, because the MSS data points are far from the C point in this case.
II. METHODS AND RESULTS
To calculate the spin-splitting energies in bulk wurtzite materials, the band structures for both unstrained and biaxially strained wurtzite AlN are computed using the sp Authors to whom correspondence should be addressed. Electronic addresses: fenny@cc.kuas.edu.tw and ikailo@mail.phys.nsysu.edu.tw.
where H aa 0 ðkÞ is the Hamiltonian without the spin-orbit terms (a ¼ : or ;), wherek ¼k = = þẑk z ¼ k = = ðxcosh þŷsinhÞ þẑk z , 17 The corresponding LCAO parameters used in these strained cases are obtained through Harrison's d À2 rule [18] [19] [20] and modification of the Slater-Koster coefficients 21 from those of the ideal wurtzite structure. 16 The spin-splitting energies of the lowest conduction band are obtained from the eigenvalues of the above Hamiltonian H(k).
In the 2KP Hamiltonian, the spin-orbit component induced by the type-II WBIA effect is
where c 0 and k 0 are the type-II WBIA coefficients, and k 0 =c 0 % 4:
10 As the crystal field and biaxial strain 22 are taken into account, a perturbation term
z Þðr x k y À r y k x Þ induced by the type-I WBIA effect is added to the spin-orbit component, where a wz , c 0 , and k 0 are the type-I WBIA coefficients. [9] [10] [11] 23 As a result, the spin-orbit component of the 2KP Hamiltonian can be written as
where a wz , c wz , and k wz are the WBIA coefficients, as well as the 2KP parameters. Here, c wz ¼ c 0 þ c 0 and
The spin-splitting energy (dE) can be, therefore, described by 10, 11 dE ¼ 2k == ða wz À c wz k
To calculate the MSS and ESS surfaces in k-space analytically using the 2KP model, we write Eq. (2) as 2c wz k
Therefore, by calculating k z for the MSS and ESS surfaces, the analytical solution as a function of k == with the 2KP model can be written as
k z must be real, therefore, according to this formula, ðÀdE þ 2a wz k == À 2c wz k 3 == Þ ! 0, since k wz < 0 (see Table I ). For small k == , where is very small (see Table I ), and thus it can be ignored.
To study the ESS distributions near the MSS surfaces in bulk wurtzite materials, we show results for bulk AlN as examples. First, we compare the spin splitting calculated by the LCAO and the 2KP methods over the range of biaxial strains 22 from compressive through tensile, as shown in Fig. 1 . Second, we illustrate the ESS distribution near the MSS surface under different biaxial strains by using the LCAO method, as shown in Fig. 2 . Finally, a comparison of the ESS and the MSS surfaces under different biaxial strains calculated by both the 2KP model and the LCAO method is shown in Fig. 3 . In our calculation, the 2KP parameters used 
Spin splitting as a function of k // under various external strains with k z ¼ 0 (p/c) in bulk wurtzite AlN for (a) a biaxially strained wurtzite structure with e xx ¼ À3.00%, (b) the unstrained wurtzite structure with e xx ¼ 0%, and (c) a biaxially strained wurtzite structure with e xx ¼ 3.00%. These results were calculated by using the LCAO and 2KP methods.
for wurtzite AlN under different strain are obtained by fitting the spin-splitting energy data from the LCAO method and are listed in Table I . The signs of the 2KP parameters and the shapes of the MSS surfaces are calculated by the 2KP and LCAO methods for three ranges of biaxial strains from compressive to tensile, as listed in Table II . The extension of the 2KP parameters as functions of external strains obtained from our previous research, which can be referred from Ref. 11 . Figure 1 shows the spin splitting as a function of k == under various external strains (e xx ¼ À3.00%, 0%, and 3.00%) with k z ¼ 0 (p/c). Here, e xx denotes the biaxial strain tensor component, i.e., e xx ¼ e yy ¼ ða À a 0 Þ=a 0 .
22 a and a 0 denote the strained and unstrained lattice constants in the wurtzite structure, respectively. The open circles are obtained from the nearest-neighbor LCAO method, and the solid lines are the results of fitting to the 2KP model. As can be seen, the results from the two-band model are in good agreement with those from the LCAO method for k // < 0.3 (p/c). Therefore, the 2KP parameters evaluated from it are utilized for investigating the ESS surface near the MSS surface under various external strains in bulk wurtzite materials in the range of small k. For the compressively strained (e xx ¼ À3.00%) and unstrained (e xx ¼ 0%) wurtzite materials, the spin splitting calculated using the LCAO method exhibits a linear behavior [see Figs. 1(a) and 1(b) ]. These results imply that the type-I WBIA effect dominates the spin splitting in both compressively strained and unstrained wurtzite materials, due to the dominance of the linear-k term. For the tensilely strained (e xx ¼ 3.00%) wurtzite structure, a spin-degenerate surface exists on the k z ¼ 0.0 (p/c) plane in the wurtzite Brillouin zone [see Fig. 1(c) ]. This is because in this case, the interplay between the lineark // and cubic-k // terms generates spin-degenerate points in the plane of k z ¼ 0.0 (p/c) in the tensilely strained wurtzites. 11 In the compressive strain, for large k // , the spin splitting predicted by the 2KP model is decreasing and smaller than that using by the LCAO method. Conversely, in the tensile strain, for large k // , the spin splitting predicted by the 2KP model is much larger than that using by the LCAO method. Note that for unstrained wurtzite, the 2KP model gives results that are valid over a wide range of the Brillouin zone. For strained wurtzite, the results predicted by the 2KP model are valid near the zone center (k // < 0.3 p/c), but are not valid far from the C point. Figure 2 shows the ESS distribution near the MSS surface in bulk wurtzite AlN under various external strains, as calculated with the LCAO method. For a biaxially strained wurtzite material with e xx ¼ À3.00% or e xx ¼ 1.43%, it can be seen that the shape of the MSS surface is a hyperboloid of two sheets or a hexagonal cone, respectively. The shapes of the ESS distribution near these MSS surfaces have two basic forms: a hyperboloid of one sheet, and an approximate, asymmetric hyperboloid surface [see Figs. 2(a) and 2(b) ]. For a biaxially strained wurtzite material with e xx ¼ 3.00%, it is seen that the shape of the MSS surface is a hyperboloid of one sheet. The shapes of the ESS distribution near this MSS surface have three types: a hyperboloid of one sheet, an approximate, asymmetric hyperboloid surface, and an opposing hyperboloid of one sheet [see Fig. 2(c) ]. When k == ¼ 0, the high symmetry of the bulk material results in zero spinsplitting energy (spin degeneracy) along the [001] direction, due to time-reversal symmetry. Note that one type of the ESS distribution is an approximate, asymmetric hyperboloid surface not only near the MSS surface but also near this spin-degenerate line (when k == ¼ 0). Figure 3 shows the ESS surface near the MSS surface under different biaxial strains, as calculated by using both the 2KP model and the LCAO method. For a biaxially strained wurtzite structure with e xx ¼ À3.00%, the shape of the ESS (dE ¼ 0.1 meV) surface calculated by the 2KP model can be seen to be in good agreement with that calculated by the LCAO method for small k (k == < 0.05 p/c and k z < 0.2 p/c). For large k, the shape of the MSS (dE ¼ 0.0 meV) surface calculated by the 2KP model is ellipsoidal and is inconsistent with that calculated by the LCAO method [see Fig. 3(a) ]. We note that the ellipsoidal MSS surface under biaxial compressive strain predicted by the 2KP model does not exist, since the MSS data points in this case are far from the C point. We also note that the 2KP model predicts that a sharp rise in k z takes place in the range of small k == on the ESS surfaces; this result is consistent with that calculated by the LCAO method. For the unstrained wurtzite material with e xx ¼ 0%, it is seen that the shape of the ESS (dE ¼ 0.1 meV) surface calculated by the 2KP model is a hyperboloid of one sheet and is in good agreement with that calculated by the LCAO method for small k (k == and k z < 0.15 p/c). Also, the shape of the MSS (dE ¼ 0.0 meV) surface calculated by the 2KP model is a hyperboloid of two sheets and agrees with that calculated by the LCAO method [see Fig. 3(b) ]. On the ESS surface, the change of k z is dramatically large in the range of small k == , but shows a linear behavior for large k == that is predicted by the 
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À5.00% e xx À1.00% À1.00% < e xx þ1.43% þ1.43% < e xx þ5.00% 2KP parameters a wz > 0 a wz > 0 a wz < 0 c wz > 0 c wz < 0 c wz < 0 k wz < 0 k wz < 0 k wz < 0 a wz /c wz > 0 a wz /c wz < 0 a wz /c wz > 0 a wz /k wz < 0 a wz /k wz < 0 a wz /k wz > 0 Shape of MSS surface predicted by 2KP ellipsoid a hyperboloid of two sheets a hyperboloid of one sheet Shape of MSS surface predicted by LCAO a hyperboloid of two sheets a hyperboloid of two sheets a hyperboloid of one sheet k == < 0.32 p/c, the ESS data points (dE ¼ 0.1 meV) predicted by the 2KP model do not exist, due to the lack of an analytical solution for k z when ðÀdE þ 2a wz k == À 2c wz k 3 == Þ < 0 [see Fig. 3(c) ]. For a biaxially strained wurtzite with e xx ¼ 3.00%, for k == < 0.1 p/c, the shape of the ESS (dE ¼ À0.1 meV) surface calculated by the 2KP model is an opposing hyperboloid of one sheet and is in good agreement with that calculated by the LCAO method for k z < 0.25 p/c. However, the shape of the MSS (dE ¼ 0.0 meV) surface calculated by the 2KP model disagrees with that calculated by the LCAO method, since the MSS data points in this case are far from the C point. In this case, the MSS (ESS) surface for 0.1p/c < k == < 0.5 p/c predicted by the 2KP model does not exist, due to the lack of an analytical solution for k z when ðÀdE þ 2a wz k == À 2c wz k 3 == Þ < 0 [see Fig. 3(d) ]. These results show that over the range of biaxial strains, from tensile to compressive, the spin splitting in wurtzite structures can be well described by the 2KP model near the zone center.
III. CONCLUSIONS
We have determined the ESS distribution near the MSS surface of wurtzite AlN under different biaxial strains by using the LCAO method and have compared them with those calculated by using the 2KP model. LCAO calculations in the wurtzite Brillouin zone show that the MSS surface can be described, over the range of biaxial strains from tensile to compressive, by just three basic shapes: a hyperboloid of two sheets, a hexagonal cone, and a hyperboloid of one sheet. It is also found that under biaxial compressive strain, the ellipsoidal MSS surface predicted by the 2KP model does not exist, as the MSS data points are far from the C point in this case. Moreover, we have demonstrated that the MSS and ESS surfaces calculated by the 2KP model with an analytical formula are in good agreement with LCAO calculations for small k, but disagree with LCAO calculations for large k. Specifically, the analytical solution of the 2KP model can identify the interplay between the types-I and II WBIA effects, investigate the ESS and the MSS surfaces, and accurately determine the spin splitting near the zone center in wurtzite structures.
Therefore, the 2KP model is still valid and effective for the study of spintronics in wurtzite semiconductors.
